ABSTRACT. In the Queen Elizabeth Islands, regional distributions of vegetation and many summer climate patterns show similar, distinctive S-shaped patterns, a response to the interaction between regional topography and persistent northwesterly flow from the central Arctic Ocean. The cool and cloudy central polar pack ice climate bulges almost unimpeded into the low-lying islands of the northwest and north-central sector. This region has the least vascular plant diversity and is dominated almost entirely by herbaceous species. The mountains of Axel Heiberg and Ellesmere islands create a barrier that effectively shelters an intermontane region from both the central Arctic Ocean climate and travelling cyclonic systems. In this large intermontane zone regional minimums of cloud cover and maximums of temperatures and melt season duration are found. This area contains the most dense and diverse vascular plant assemblages. Woody species and sedges dominate, and many species with more southerly limits occur as disjuncts. The plateaus and highlands in the southern islands modify the central Arctic Ocean climate sufficiently to produce an intermediate climate. Woody species and sedges also dominate this area; however, the density and diversity are less than that of the intermontane area.
INTRODUCTION
The worldwide distribution of ecosystems has been shown to be dependent on the regional climates (Koppen, 1923; Dansereau, 1957; Holdridge, 1947 Holdridge, , 1966 . Most bioclimatological studies, however, have been carried out in the tropics, temperate, and boreal regions. Holdridge's classification, while including the Arctic, does not reflect the complexity of factors affecting arctic ecosystems. The Queen Elizabeth Islands ( Fig. 1) represent the extreme arctic ecosystem, where most plants are at or near their physiological limits of tolerance. Vegetation, therefore, should be extremely sensitive to variations in climate.
Studies of the regional distribution of vegetation in the Queen Elizabeth Islands have suffered due to the inaccessibility of the region. Since the days of European exploration in the 19th century, floristic data have slowly been compiled (Hooker, 1857; Simmons, 1906 Simmons, , 1913 Polunin, 1940a Polunin, ,b, 1948 Porsild, 1964) . Most specimens were collected as an adjunct to other projects by non-botanists, and with little data as to the complete flora or the plant assemblages of a site. None the less, important preliminary observations of the influence of geology on the patterns of vegetation distribution were made (Thorsteinsson, 1958; Tozer and Thorsteinsson, 1964) . Since the 194Os, knowledge of arctic ecosystems increased as more detailed floristic and plant community analyses were done around the most easily accessible sites, such as logistics bases at Resolute (Schofield and Cody, 1955; Arkay, 1972) , Eureka and Alert (Bruggemann and Calder, 1953) . Many recent scientific expeditions included a botanical component, usually site specific or local coverage, particularly in areas of Axel Heiberg and northern Ellesmere Island and other well-vegetated areas (Beschel, 1961 (Beschel, , 1962 Brassard and Beschel, 1968; Brassard and Longton, 1970; Waterston and Waterston, 1972; Cody et al., 1976; Parker, 1977 Parker, , 1978 Parker and Ross, 1976; Powell, 1961; Savile, 1961 Savile, , 1964 Savile, , 1971 Mausbacher, 1981; Sheard and Geale, 1983a,b) . Long-term intensive vegetation studies were initiated at several wellvegetated sites in the Queen Elizabeth Islands (Fig. 2) : Truelove Lowland, Devon Island (Barrett, 1972; Barrett and Teeri, 1973; Bliss, 1977) where critical limits of the Arctic are compressed latitudinally into a narrow rim along the continental margin and which includes a few islands in the Arctic Ocean (see Alexandrova, 1970; Aleksandrova, 1980) . The Queen Elizabeth Islands also provide a variety of soil lithologies, which enable a better understanding of the role of soils as an influence on vegetation distribution. Along the northernmost sector the bedrock generally consists of poorly lithified Mesozoic and Cenozoic sediments of the Sverdrup Basin. Most of the southern and eastern islands are composed of Paleozoic carbonates and clastics that are moderately to well lithified. The oldest and most competent bedrock occurs in the southeast, where metamorphic Precambriah rocks form the easternmost rim of Ellesmere and Devon islands (Hodgson, in press ).
The highest topography coincides with the most competent bedrock. Mountain systems of eastern Ellesmere Island and adjacent Axel Heiberg Island reach heights greater than 2200 m. Glaciers currently cover roughly 50% of the highland surface of these mountainous islands. The arctic platform carbonates and clastic sediments, which are generally horizontally bedded, form plateaus of 300-600 m a.s.1. along the southern and east-central sectors. The soft sediments of the Sverdrup Lowland (Bostock, 1967) , the group of low-lying islands in the north-central and northwest sector, rarely reach elevations greater than 150-200 m a.s. 1. Weathered bedrock is the most common surficial material in the region, for most of the area lies north of the limit of Late Wisconsinan continental glaciation, which was responsible for extensive glacial deposits on the mainland and the islands to the south (Dyke and Prest, 1987) . Continental ice encroached only into the southernmost part of the Queen Elizabeth Islands during this glaciation (Hodgson and Vincent, 1984) . Local ice caps on the high plateaus and mountainous regions may have expanded somewhat during the Quaternary, but their extent and timing has yet to be determined (Hodgson, in press ). Elevated flights of beach ridges ring the coastal regions of all islands as a result of post-glacial marine transgressions. These marine episodes altered the general character of the surficial materials somewhat, by mixing lithologies and incorporating marine deposits. These marine reworked materials may provide a greater range of plant nutrients than the weathered bedrock itself provides.
Soil horizon development on these surficial materials is generally minimal (Foscolos and Kodama, 1981) . Soil development on extremely alkaline soils is greatly impeded due to the high carbonate content (Tarnocai, 1976) . Poorly vegetated terrain generally does not produce sufficient organic material to alter the surface soil chemistry. Poorly drained soils locally may show a thin, organic-rich mineral horizon. But generally the surface soil chemistry shows only slight modification from the chemistry of the parent material. Some soils are also extremely disturbed by cryoturbation or mass movement.
FIG. 2. The Queen Elizabeth Islands
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Bliss (Babb and Bliss, 1974; Bliss, 1975 Bliss, , 1977 Bliss and Svoboda, 1984; Bliss et al., 1984) divides the Arctic into two major regions based on observations on density of plant cover and implied soil moisture characteristics: Low Arctic, encompassing the continental region and the southeasternmost tip of Baffin Island, and High Arctic, which includes all of the islands in the Arctic Archipelago, Boothia and Melville peninsulas and Wager Plateau. He further subdivides the High Arctic into three types, Polar Desert, Polar Semi-desert and a Complex, which includes Polar Desert, Polar Semi-desert and Sedge meadows (Bliss, 1977) . All three High Arctic types occur throughout the Arctic Archipelago, although the aerial extent of the Complex is limited in the Queen Elizabeth Islands.
As Edlund's coverage of regional vegetation mapping increased, regional vegetation patterns emerged that could not be explained by changes in substrate or moisture regimes (Edlund, 1983a) , nor were these changes fully covered in the earlier types of vegetation zonation, except in most general terms. For example, the contrast between the generally impoverished flora of the north-central and northwestern Queen Elizabeth Islands and at the same latitude the exceptionally rich flora of the northeast is reflected in Young's zones but is not accurately detailed. A much more detailed distribution of the vascular plant flora and plant communities is now possible.
The favourable summer climate experienced at Eureka and Lake Hazen, Ellesmere Island, though only partially understood, has been well documented (Sim, 1957; Jackson, 1959 Jackson, , 1969 Maxwell, 1980 Maxwell, , 1982 Barry and Jackson, 1969) . The harsh climate of the northwestern sector has also been described (Alt, 1979; Addison and Bliss, 1980; Maxwell, 1980 Maxwell, , 1982 . The results of Ah's ongoing atmospheric circulation studies (Alt, 1987) provide a satisfactory explanation for this extreme contrast.
Similarities between vegetation and summer climate patterns were evident once the authors began to compare notes. This paper explores the hypothesis that summer regional climate strongly influences the regional distribution patterns of both vascular plant species and associations.
VEGETATION DISTRIBUTION IN THE QUEEN ELIZABETH ISLANDS

Methods
During ten field seasons in various parts of the Queen Elizabeth Islands, Edlund measured percentage cover of vegetation and divided the assemblages into plant communities at 130 locations, using line transect, quadrat, or pin frame techniques, depending on the relative abundance of vegetation (Wein and Rencz, 1976) . Visual surface estimates were made at 685 additional sites. Notes were made on the type of surficial material on which the plants were growing, including its texture, moisture regime, and the parent material. Soil chemistry, including pH, was done at various laboratories, including Terrain Sciences Sedimentology laboratory, Land Resource Research Institute, and Institute for Sedimentary and Petroleum Geology, as well as several commercial laboratories.
Voucher specimens documenting the diversity of vascular plants for each island, as well as specimens representing range extensions, have been incorporated into the national collection at the National Herbarium, where the data for each specimen is computer retrievable. Nomenclature for vascular plant families and species in this paper follows that of Porsild and Cody (1980) .
Controls of Vegetation Patterns by Surficial Materials
The physical and chemical properties of arctic soils influence both vascular plant species and plant community distributions in the Queen Elizabeth Islands (Thorsteinsson, 1958; Tozer and Thorsteinsson, 1964; Edlund, 1980 Edlund, , 1986b ). Since horizon development for most soils in this region is minimal, vascular plants root directly into soils with physical and chemical properties similar to that of weathered surficial deposits. Thus the chemical composition of the materials provides much of the plant nutrients.
Some materials are inimical to plant life. Soils derived from highly acidic shales (pH 3), such as a facies of Kanguk shale that locally occurs on the Ellef Ringnes, Amund Ringnes, Lougheed and Melville islands, which are devoid of plant nutrients, are unvegetated (Barnett et al., 1975; Hodgson and Edlund, 1978; Edlund, 1980 Edlund, , 1982b Edlund, , 1983d . Weathered silt and rock fragments derived from the highly alkaline (pH 8.2+) carbonates that cover vast tracts of Bathurst, CornWallis, and Devon islands, contain excessive calcium and magnesium ions but lack a variety of other plant nutrients and are also unvegetated. On a more local scale, cryoturbation, mudboil activity, and wind deflation or deposition of finegrained materials also create local situations that are unstable due to their immaturity or instability.
Other soils in the Queen Elizabeth Islands, however, have chemical properties within the range of tolerance of arctic vascular plants. Nonetheless, the degree of alkalinity or acidity greatly influences the distribution of vascular plant species and communities (Fig. 3) . Moderately to well-drained weakly alkaline materials (pH 7.4-7.8 ) are vegetated predominantly by calciphilous species such as Dryas integrifolia (arctic avens) and Saxifraga oppositifolia (purple saxifrage); other calciphilous species, such as Lesquerella arctica, Parrya arctica, and Poa abbreviata also may be common.
Weakly acidic mesic soils (pH 5.6-6.6) have a different suite of vascular plants. Herbs such as Luzula confusa, Potentilla hyparctica are common, and the heath species Cassiope tetragona occurs sporadically. Some species, such as Salix arctica (arctic willow), Alopecurus alpinus (foxtail grass), Draba species, Cerastium alpinum, Stellaria longipes, and Papaver radicatum (arctic poppy) tolerate both weakly alkaline and weakly acidic conditions (Edlund, 1983a 
Soil Moisture and Vegetation Patterns
Based on measured precipitation levels in the Queen Elizabeth Islands, the region is classified as a cold Desert (Lotz and Sagar, 1962; Bliss, 1977; Bliss and Svoboda, 1984; Bliss et al., 1984) . This does not, however, give an accurate impression of soil moisture availability. Precipitation falling as snow is redistributed by winds into drifts on lee-side slopes and into valleys, while convex surfaces and promontories may have only a thin snow cover or indeed may even be blown free of snow in winter.
Meltwater and summer rainfall are not lost from the arctic ecosystem by percolation, for the entire land area is underlain by permafrost, which blocks percolation below the base of the active layer (10-100 cm deep). Lower slopes and valley bottoms generally receive moisture throughout summer from melting snow drifts and ice lenses within the soils as the active layer deepens. Persistent snow drifts may provide moisture downslope for much of the thaw period.
Hilltops with thin or discontinuous winter snow cover, however, may be extremely dry in summer, for there is no external meltwater source, and precipitation does not wet more than the top few centimetres of soil.
Therefore, the summer moisture regime varies with topographic position and proximity to a moisture source. Even in regions with less than 40 mm of measured annual precipitation, extensive wetlands can develop in lowlands and downslope from permanent snowbeds. Slight changes in moisture regimes result in changes in plant assemblages. For each type of material there is a suite of plant communities that reflects changes in local soil moisture availability (Fig. 3) .
Shift in Dominant Species
Island-by-island studies afforded the opportunity to compare vegetation on similar formations in different areas of the Queen Elizabeth Islands (Barnett et al., 1975; Hodgson and Edlund, 1975 ,1977 Edlund, l980,1982a Edlund, l980, ,b, 1983c Edlund, l980, ,d, 1987b . Communities on the Christopher shale formation could be studied on Melville, Lougheed, Amund Ringnes, Ellef Ringnes, and Ellesmere islands. In similar fashion, both weakly and highly alkaline soils on Melville, Bathurst, Cornwallis, Cornwall, and Ellesmere islands could be compared. While lists of vascular plants on similar materials from the different islands generally included the same species, the QUEEN ELIZABETH ISLANDS VEGETATION / 7 dominance and abundance of species shifted both with regional changes and with changes in elevation (Fig. 4) .
Definitive regional patterns of growth form distributions emerge, irrespective of the soil type. The most obvious patterns involve shifts in the dominance, presence, or absence of prostrate and matted woody species on moderately to welldrained soils, such as the shrubs Salix arctica, and Dryas integrifolia and local occurrences of Cassiope tetragona. Similar shifts in dominance, presence, or absence occurs with sedges in wetlands and on seepage slopes (Fig. 4) .
The dominant species on moderately to well-drained soils at similar elevation had similar growth forms, although the actual species differed depending on the soil chemistry. For example, along the coast of southern Melville Island weakly alkaline silty till is dominated by woody species, a mixture of Dryas integrifolia and Salix arctica, while adjacent acidic sandy silt was dominated by Salix arctica. In the same region but at 250 m elevations, alkaline till is dominated by Saxifraga oppositifolia, a common associate at lower elevations. On acidic soils, Luzula confusa and grasses were the dominants. Woody species, if present, were not dominant or even abundant. Shrubs were restricted locally to the warmest and most sheltered locations (Edlund, 1983a (Edlund, , 1986a .
Associations in the wetlands also undergo shifts in dominance (Fig. 4) . Wetlands in the coastal zone of southern Melville Island were dominated by sedges. At the higher elevations, however, grasses, generally those that are common associates in the coastal lowlands, are now dominant; sedges are rare, most commonly absent.
Similar shifts occur at the regional level as well. Weakly alkaline till of the Fosheim Peninsula, Ellesmere Island, and southern and western Melville Island support dense and diverse Dryas-and Salix-dominated communities and sedge meadows, while the chemically similar materials on northern Bathurst, northern Cornwallis, northeastern Melville, Cameron, Lougheed, Amund Ringnes, and Ellef Ringnes islands are dominated by Saxifraga oppositifolia and a few species of herbs. Shrubs, if present, never dominate. Wetlands of adjacent areas are sparsely vegetated by a few grasses, most commonly Alopecurus alpinus; sedges are rare, more frequently absent (Edlund, 1980 (Edlund, , 1982a (Edlund, ,b, 1983c (Edlund, ,d, 1987b .
Vegetation maps prepared for environmental impact assessment proved to be useful in delineating regional patterns. Plant associations were mapped at 1:60 OOO scale on air photos and transfered to 1:250000 scale maps. For this study the maps were reduced to 1:lOOO 000 scale to facilitate regional comparisons. Fifteen plant associations were delineated, reflecting broad changes in moisture regimes and soil chemistry. These associations were grouped according to the growth form of the dominant vascular plants. These shifts also paralleIed changes in total vascular plant species diversity within the communities.
Vegetation Zonation
Five vegetation zones based on the presence and dominance of key species, such as shrubs and sedges are described (Table  1) . Zonal vascular plant diversity is calculated by summing the total floras on all types of materials and moisture regimes + within each vegetation zone. The vegetation zones are named for the dominant growth form of communities on moderately to well-drained soils, although the assemblages for all types of material and moisture regimes were compiled in some detail (Fig. 4) . Table 2 elaborates the more common floral components within each zone for a variety of moisture regimes.
When mapped, these zones show a complex pattern, reflecting topographic variation and some latitudinal variation ( Fig. 5) . To facilitate comparisons on a regional scale the effects of altitude can be ignored, resulting in a regional picture ( Fig. 6 ) that can be viewed as a vegetation potential map, showing the best possible type of vegetation that can be expected if materials had sufficient moisture, if the soils chemistry were not inimical to plants, and if the area were near sea level.
These limits form an S-shaped pattern in the Queen Elizabeth Islands. Some boundaries are nearly superimposed in the mountainous region of northern Ellesmere Island. Woody plants are common as far north as Alert (82'30'N) and are present in the heads of some fiords along the north coast of Ellesmere Island but are absent close to the coast (J. Bednarski, pers. comm. 1987 ). This transition zone between zones l and 3, however, becomes wider in the central, low-lying islands. Both limits protrude southward into the Sverdrup Basin. The regional limit of woody plant dominance occurs as far south as 75'30'N.
The boundary between zones 3 and 2 represents the northernmost limit of woody plant dominance and is in effect the northern arctic equivalent of the northern forest limit. Likewise the boundary between zones 2 and 1 is the northern limit of the presence of woody plants, the northern arctic Vegetation Zones 4 3 2 1 P P P P P P r -P P P P P P P P p -" p r --P " -P P P P P P r -P P P P p r --p r -" P P P P P P r -P P P P P P P P p " -P P P P P P " P P --P P P P P P P P P P P P P P P P p -" P -" 
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r " -r " -P P r r P " -P P P P P P --P P P r P P r r P P r r P P " p r -- equivalent of tree line. Since worldwide ecosystem limits have been closely tied to regional climates, it is essential now to examine the climate of the area within which these newly defined limits occur.
SUMMER CLIMATE PATTERNS IN THE QUEEN ELIZABETH ISLANDS
Introduction
Climate operates on a continuum of time and space scales from micro through to global (Barry, 1970) . When studying climate-biosphere interactions, it is important that both be considered on the same time and space scale (Alt and Maxwell, in press) . For this reason, with the above regional vegetation patterns and vegetation limits, it is necessary to examine long-term mean values of regional, synoptic or macro-scale climate patterns (Alt and Maxwell, in press) . Such examinations should focus on general air mass properties rather than local or meso-scale surface effects. This is not to say that synoptic-scale climate parameters directly influence the physiology of a plant; they rather set the scene within which mesoand micro-scale climate and vegetation interactions take place.
The synoptic-scale climate of the Queen Elizabeth Islands is controlled by a complex interaction of the solar radiation regime, the general atmospheric circulation, and the largescale topography (Maxwell, 1980 (Maxwell, , 1982 Alt and Maxwell, in press). The mean (i.e., 30-year normal) regional patterns of climate parameters (such as cloud, temperature, and precipitation) reflect these controls and thus provide a link between general air mass properties and recorded climate information. In the Queen Elizabeth Islands evaluation of these patterns is complicated by two factors: 1) The intricate mosaic of surface conditions within the islands and adjacent waters includes snow-covered mountains, ice caps, valley glaciers, snow-free rocks, bare ground, well-vegetated and poorly vegetated terrain, sea ice, and open water (Fig. 2) . Several of these features often occur within a few square kilometres. 2) Climate records began in the late 1940s and today only four permanent climatological stations cover this vast region (Fig. 2) . All are found at near coastal locations; the interiors of the islands are essentially unmonitored.
Methods
It is impossible as yet to present definitive maps showing the regional-scale climate parameters for the Queen Elizabeth Islands. However, vegetation mapping has reached a stage where the link to climate must be examined (Edlund, 1983a (Edlund, , 1986a (Edlund, , 1987a . This is particularly critical in the context of assessing the effects of climatic change, climatic impact, and paleoclimatic interpretations. For this reason the following steps have been taken to maximize the usefulness of the available information so that it might be presented here for initial comparison to vegetation maps, boundaries, and zones.
The sparse weather station data network was augmented by incorporating information from seasonal scientific and oil industry camps (Fig. 2) . Only stations with whole months of daily mean records were used. Monthly mean values of short-term stations were adjusted for each year to represent the 1951-80 30-year normals (Atmospheric Environment Service, 1982a) , based on the deviation from the 30-year normal at the closest permanent weather station(s). The result was a 30-year normal equivalent value for each field station. This method must be considered a first approximation. Figure 2 , with the addition of field stations the interior of the Queen Elizabeth Islands is still virtually unrepresented, as even in the Eureka Sound intermontane area most of the stations are on fiords or lakes. To provide a consistent picture of regional climate patterns, contours of the various surface climate parameters were drawn using sea level coastal station values. For each regional sea level coastal contour, a range of values would be found on a meso-or microscale. In the case of screen-level temperature, for instance, the lowest values would be found over the ice-bound channels and the highest at sheltered interior sites. Inland contours have been drawn only when they represent regional-scale features (i.e., 100 km or greater in size). Contours have not been drawn in mountainous areas (over 600 m) or over ice caps (Fig. 2) . In drawing details of these sea level contours, consideration was given to the common sea ice patterns and boundaries.
As seen in
To date, in northern latitudes the best correlations between the type of plant growth and mean regional climate parameters has been obtained using indicators of summer warmth, such as mean July temperature, melting degree days, length of summer season, and incoming solar radiation (Rannie, 1986; Young, 1971; Hustich, 1983; Kauppi and Posch, 1985; Edlund, 1983a Edlund, , 1986a . Moisture availability has been identified as important only on a meso-or micro-scale. Vegetation is active during the whole summer season, but this season varies with location both in terms of length and time of maximum intensity. Emphasis has been placed on July mean values in the following discussion, for they represent the warmest month at most sites in the Queen Elizabeth Islands. This maximizes the availability of data and allows comparison with other regional studies. June maps have been included where possible, as this is a critical period for breaking of dormancy for many plant species.
Prevailing Atmospheric Circulation
Solar radiation records from the Queen Elizabeth Islands are not adequate to produce realistic regional distribution patterns (Holmgren, 1971; Dahlgren, 1974; Maxwell, 1980; Ohmura, 1981; Alt and Maxwell, in press ). Thus it is hoped that the interaction of atmospheric circulation and topography will provide a satisfactory initial understanding of the reasons for the observed patterns of mean cloud, temperature, and precipitation.
In summer the mean flow at all levels of the troposphere is from the central Arctic Ocean into the Queen Elizabeth Islands (Bryson and Hare, 1974; Maxwell, 1980 Maxwell, , 1982 Alt, 1987; Alt and Maxwell, in press ). This northwesterly flow is illustrated here by July surface streamlines (Fig. 7) . In summer the central Arctic Ocean is the coldest region of the northern hemisphere, with the mean July temperature ranging from -1 to 23°C (Orvig, 1970) . The surface of the moving polar pack ice is extensively puddled, and this moisture source maintains a nearly continuous layer of low stratus and stratocumulus clouds. Studies of air mass source and frequency for North America by both Bryson (1966; Fig. 8) and Barry (1967) show that in July air masses formed over the central Arctic Ocean occupy the Queen Elizabeth Islands more than 90% of the time (Alt and Maxwell, in press). 
FIG. 8. Frequency of occurrence of air masses of "Arctic origin" (after Bryson, 1%6).
Bay cannot be included in these generalities (Maxwell, 1981; Alt and Maxwell, in press) and will not be treated in the discussion that follows.
Cloud Cover
The mean June and July cloud cover maps (Figs. 9a,b) show an S-shaped pattern. Prevailing northwesterly flow drives the extensive Stratus and stratocumulus of the central Arctic Ocean into the Sverdrup Lowlands. Over the Eureka Sound intermontane region mean cloud amounts are 20% lower than over the coastal regions bordering the polar pack ice.
The mountains that ring this broad interior region tend to deflect or dissipate the low-level central Arctic Ocean cloud and protect the area in all directions from all but the most persistent travelling cyclonic disturbances (Maxwell, 1982; Alt and Maxwell, in press ). In July, when the land areas are snow free, the size and elevation of the southwestern islands also result in dissipation or deflection of the low cloud, reducing regional cloud cover by 510% from that of the Sverdrup Lowlands.
Temperature
Lower Troposphere Temperatures: The mean July 90 kPa (Ca. 1000 m a.s.1.) temperatures have been plotted to examine the temperatures in the lower atmosphere (Fig. 10) . Topography was not taken into account when drawing the contours. These were spaced and shaped as demanded by the values of the five data points alone. The intrusion of cold central Arctic Ocean air over the Sverdrup Lowland and the sheltering effect of the mountain barriers in the east form an S-shaped pattern similar to the cloud patterns. This general S-shaped pattern is thus a macro-or synoptic-scale phenomenon, reaching at least loo0 m into the atmosphere and reflecting the effect of regional-scale topography on the lower troposphere.
Screen-Level Temperatures: Screen-level temperatures provide the link between near-surface micro-climate and air mass characteristics. Mean July screen-level temperatures are the most universally analyzed climatic parameter available and have shown good relationships to regional vegetation patterns in previous studies (Edlund, 1983a (Edlund, , 1986a Rannie, 1986) . A well-defined S-shaped pattern occurs on both the mean June and July maps (Figs. lla,b) . Note that in June, the mean 0°C isotherm separates the warm interior intermontane area from the islands exposed to the air masses from the central Arctic Ocean. In July this dividing line falls between 3 and 4"C, and the sheltered interior is delineated by the 5°C isotherm, the threshold for calculating "effective temperature sum" ('hhkanen, 1984) .
Initiation and Duration of the Melt Period:
The date on which mean daily temperatures rise above freezing (Fig. 12) is earliest in the intermontane region and latest on the lowlying islands. Although this date does not directly reflect the date a site becomes snow free, it is the only available indicator of the beginning of the period of biological activity.
FIG. 12. Mean date of initiation of melt in the Queen Elizabeth Islands (1951-80 normals [AES Canadian Climate Centre Data Archive]).
In the Eureka Sound intermontane area the melt period ( Fig. 13) averages 15-20 days longer than in coastal regions adjacent to the polar pack ice. More than half of this extra 20 days is a result of an earlier beginning to the melt season. These 10 days are particularly significant, as solar radiation is at a maximum at this time of year and thus the potential for increased summer warmth is greatest. The maps showing both initiation and duration of melt show the same general S-shaped pattern as the other indicators of summer warmth.
Melting Degree Days-Melting degree day totals are another indicator of the duration and intensity of summer warmth. Melting degree day normals from the permanent stations and adjusted field station values have been contoured (Fig. 14) . As would be expected, this parameter also shows the general S-shaped pattern.
Precipitation
Total Precipitatiox Precipitation measurements in the Arctic are subject to serious inaccuracies. Winter snow accumulation values from the permanent weather stations appear to be underestimated by 40 to 4 0 0 % (Koerner, 1979;  Maxwell, 1980;  Woo et al., 1983).
Mean total annual precipitation, mean total summer precipitation, and mean snow depth on 31 January have been plotted (Figs. 15a,b) . Areas over 600 m or covered by ice caps have been ignored to be consistent with the regional (near sea level) vegetation and temperature analyses.
Total annual and summer precipitation and winter snow depth values all show similar distributions. The highest precipitation occurs in the area under the direct influence of North Water and the Baffin Bay cyclone. A secondary maximum is found to windward of the mountain barriers on northern Ellesmere and Axel Heiberg islands. Precipitation minimums occur in the Eureka Sound intermontane region due to the rain-shadow effect and in the far western islands due to the proximity of the persistent surface anticyclone. Precipitation amounts thus do not produce the same characteristic S-shaped pattern, as they are controlled by different mechanisms than summer temperature regimes. At a regional scale the major control on precipitation is the frequency and intensity of cyclonic activity, while the interaction of topography and mean atmospheric flow is a secondary effect (Müller et al., 1976 ; Maxwell, 1980;  Bradley and Eischeid, 1985 ; Alt and Maxwell, in press ).
Snow on the Ground:
The presence of snow on the ground is a very important parameter, as it not only affects plants directly but also alters the surface energy balanceThe number of days between the first snowfall of 2 cm and the last snow depth record of 2 cm or more shows a strong S-shaped pattern (Fig. 16) ; Mould Bay, Isachson and Resolute all are snow covered for 10-15 days more than Eureka. This is particularly significant in June, when incoming solar radiation energy is at a maximum. The number of years with measured snow on the ground at the end of June (Table 3) further illustrates the extreme contrast between the Eureka intermontane area and the rest of the Queen Elizabeth Islands. Only at Eureka is the ground usually snow free by the end of June. This initial analysis suggests that the regional distribution of the disappearance of snow in the spring is more dependent on spring melt intensity than winter snow accumulation. The highest summer temperatures occur in the protected Eureka Sound intermontane region, where the lowest cloud amounts and least precipitation occur. This area also has the longest snow-free period and the longest period with temperatures above 0°C.
Between these two extremes are regions with intermediate values for both climate severity and vegetation diversity. Woody plants and sedges dominate the warmer sectors; with decreasing temperatures, dominance of both is lost, and both density and diversity decrease. Woody species are replaced by herbaceous species and sedges by grasses in the coolest sectors.
The congruence is most evident when comparing the characteristic S-shaped patterns of vegetation limits (Fig. 6 ) with mean July temperatures (Fig. llb) . It is important to remember that both these patterns were derived on a regional scale neglecting the effects of elevation, local topography, and meso-scale climate. The regional vegetation patterns reflect the best possible vegetation that can be expected if materials were capable of supporting plant growth and adequate moisture was available. The temperature patterns, on the other hand, reflect the air mass temperature as deduced from screen-level temperatures at coastal stations.
The coincidence of these patterns (Figs. 6, llb) allows us to tie major phytogeographic limits roughly to mean July isotherms. The boundary between zones 3 and 2 defines the northern limit of plant communities dominated by woody species; and the boundary between zones 2 and 1 marks the northern limit of woody plants. Woody plant species do not occur in areas with regional mean daily July temperatures below 3°C. Dominance of woody plants occurs in areas where local mean daily July temperatures are greater than 4°C and woody species, including heath species, flourish well in areas with mean daily July temperatures greater than 5°C.
There is a strong precedent for this regional-synoptic-scale approach. In studies of climate and the boreal forest ecosystem to the south, Bryson (1966) has shown that the southern boundary of the boreal forest coincides roughly with the mean winter position of the arctic front and the northern forest limit lies close to the mean summer position of the arctic front. Larsen (1971 Larsen ( , 1974 emphasizes the origins and frequencies of air masses in summer and their effect on the distribution of plant species in the boreal forest. Singh and Powell (1986) also show the strong influence of climate on the boreal forest of western Canada.
The positions of forest limits and tree line have long been tied to isotherms. Tree line roughly coincides with the 10°C mean daily July temperature (Nordenskjold and Mecking, 1928; Koppen, 1923) . Hare (1970) also evokes this limit for tree line in North America and suggests that the northern boreal forest limit roughly coincides with the 13°C mean July temperature. Timberline, the alpine limit of tree growth, also appears to correspond to the 10°C mean July temperature (Tranquilini, 1979) .
Bioclimatic Zones
The high degree of congruence between regional climate patterns and vegetation zones allows broad climatic descrip-tipns to be applied to the regional vegetation zones, converting them to-bisclimatis zones. Distribution maps of these bioclimatic zones will enable initial evaluation of the climate in areas where climatic observations are not available.
Zone 0 -Vegetation-Free Zone: Zone 0, characterized by a lack of both vascular plant and cryptogamic vegetation, occurs on the highlands and plateaus of Melville Island (Edlund, 1985) and Bathurst Island (Edlund, 1982b) .
Although not yet aerially mapped, this zone probably occurs on some ice-free summits of Axel Heiberg and Ellesmere islands (Beschel, 1961 (Beschel, , ,1970 . Though small in comparison to other vegetation zones, zone 0 covers major areas on the plateaus and highlands of Melville Island, above 350-400 m a.s.1. The larger areas in this zone range from 400 to 740 km2 and together total more than 2500 km2 (Edlund, 1985) .
The full regional extent of zone 0 is not known, for it can only be detected in areas where materials are capable of supporting either cryptogamic or vascular plants. Areas of high elevation, but with materials inimical to plant growth, have been omitted from this zone.
On Melville Island this zone is roughly concentric, with small ice caps found on the Blue Hills and other plateaus of western Melville
Island, but it also occurs on major plateaus lacking ice caps, such as the Raglan Range north of McCormick Inlet and the plateaus east of Weatherall Bay.
Zone 0 is commonly blanketed by low stratus and stratocumulus clouds for much of summer. Snow falls at any time during the summer and may remain on the ground for days or weeks. Zone 0 is the latest zone to thaw in the spring, the first to freeze up in late summer, and roughly corresponds to equilibrium line calculations for glaciation levels or freezing levels (Bradley, 1975; Bradley and Eischeid, 1985) . Summer temperatures in this zone are so low (mean July temperatures near 0°C) that lee slope snowbanks commonly persist throughout the summer. Melting degree days probably total less than 50. Snow-free days with mean temperatures above freezing total considerably less than 3-4 weeks on Melville Island, possibly a week or less (Edlund, field notes 1984 (Edlund, field notes , 1985 . This climate most closely approximates conditions found on the central Arctic Ocean described by Vowinckel and Orvig (1970) .
This zone may also occur in a narrow coastal band along the rim of the Queen Elizabeth Islands directly adjacent to the polar pack ice. This has yet to be documented.
Zone I -Herbaceous Zone: Zone 1 is the zone in which vascular plants are sparsest, least diverse, and entirely herbaceous. This is the most common type of vegetation of the low-lying northwestern and north-central Queen Elizabeth Islands. It is profoundly influenced by air moving directly off the central Arctic Ocean. The ice-bound inter-island channels maintain the low temperature and high moisture characteristics of this air mass. In June, most of the land is snow covered, and consequently little modification of the air mass occurs even over land. By July the larger islands can locally modify the air mass, due to radiative heating from the snowfree ground surfaces. But the continuous inter-island ice is extensive enough that the general characteristics of the air mass are maintained.
The mean June temperature is below freezing (0 to -2"C), with less than 1°C separating sea ice and land sites. The mean July temperatures on land are less than 3°C. Snow cover persists in this zone into early July. Small perennial snow beds are common on lee-side slopes (commonly south to southeast facing due to the accumulation of snow on the lee-side slopes) and in ravines. Freeze-up begins as early as mid-August. The melt season is limited to about 9 weeks, while the snow-free period, with temperatures above O"C, is perhaps only 6-7 weeks. Melting degree days totals range between 50 and 150.
This zone is also found on the uplands of the southern Queen Elizabeth Islands at elevations above 150-200 r n (Edlund, 1982b (Edlund, , 1983c and in some places at elevations above 200-500 m in the more mountainous regions.
Pockets of slightly richer vascular plant assemblages occur in a few sheltered valleys and on sunny, snow-free, southfacing slopes (Edlund, 1983a; Savile, 1971) . However, these richer areas are micro-and meso-scale features and thus do not alter the regional picture.
Zone 2 -Herb-Shrub Transition Zone: In zone 2 the vascular plant component is dominated by herbaceous species as in zone 1; however, species diversity has increased and in some places is double that present in zone 1. Both dwarf shrubs and sedges regularly appear locally but never dominate. This zone can be viewed as transitional between zones 1 and 3. Snow lingers into late June or early July in this zone and local perennial snow beds persist throughout the summer in many places, but they are generally not as common or as large as those in zone 1. Although mean June temperatures are still below freezing, mean July temperatures may reach 3.1-3.9"C. During July, the more extensive snow-free land areas cause some modification of the central Arctic Ocean air mass. The melt season varies from 8 to 10 weeks, while the snow-free period is generally only 7-9 weeks. Melting degree days totals range between 150 and 250.
Near sea level this zone appears to coincide with areas where the sea ice of the inter-island channels breaks up in mid-summer, leaving extensive areas of open water adjacent to the islands. Cloud amounts remain high because of the availability of moisture from such open water, and fog is therefore frequent.
This zone is common only near sea level on the leeward sides of the northwestern islands, at intermediate elevations (ca. 100-150 m) in the southern uplands, and at elevations ranging upward of 800 m on the leeward side of the mountains in the northeast.
Zone 3 -Prostrate Shrub Zone: The vascular plant component of zone 3 is dominated by prostrate and matted shrubs on mesic sites and in wet areas by sedges. This zone occurs near sea level in the southern Queen Elizabeth Islands, as well as on the northern coast of Devon and some of the larger central islands, generally in the lee of sizable land masses. Snow generally disappears by mid-June and perennial snow beds are present but not abundant. The temperature and cloud cover regimes over these regions are somewhat modified once the ground is snow free. Air flow from more southerly regions may play a limited part in the earlier disappearance of snow cover.
Mean temperatures in June are above freezing; mean temperatures in July are at least 4°C and approach 5°C. The melt season is at least 10 weeks long, and as the snow tends to disappear rapidly, the snow-free period is over 9 weeks. Melting degree days totals range between 250 and 350. Zone 4 -Enriched Prostrate Shrub Zone: Zone 4 has the greatest density and diversity of vascular plant species in the Queen Elizabeth Islands. Prostrate and matted shrubs and sedges dominate, as in zone 3; however, it is readily separated from zone 3 by the increase in diversity (100-150 taxa), for a number of more southerly species regularly occur in all communities and in pioneering habitats (Table 2) .
It is best known in the intermontane area, where it is documented by Eureka the "Garden Spot of the Arctic," Lake Hazen, and Tanquary Fiord. Smaller areas of western and southern Melville rival the intermontane area with nearly equal diversity and abundance of vascular plants and have in common many disjunct species (Edlund, 1986b (Edlund, , 1987b ).
Zone 4 is not only sheltered from the direct effects of air masses originating over the polar pack ice by the substantial mountain and plateau barriers, but also experiences cloud minimums and low relative humidity associated with broadscale subsidence in the lee of the mountains (Alt and Maxwell, in press ). The land is generally snow free by early to mid-June. Temperatures in June are well above freezing and in some places reach as high as 4°C. In July mean monthly temperatures exceed 5°C; King (1981) reports mean July temperatures of over 8°C. The melt season may be as long as 12 weeks, while the snow-free period is at least 10-11 weeks. Melting degree days totals are greater than 350. In contrast to the rest of the Queen Elizabeth Islands, this zone is unlikely to experience mean daily temperatures below freezing once the melt season is established. This allows disjunct distribution for plants with more temperate requirements.
The intermontane area has the lowest precipitation amounts in the Queen Elizabeth Islands, in some areas with less than 40 mm annually (England et al., 1981) . This does not represent moisture availability, as it is coincident with the lushest vegetation.
Oases: The concept of oases is a popular one in the Arctic (Svoboda and Freedman, 1981) . It implies locally fertile areas in the midst of desert, due to local sources of water. In the Arctic local fertility can be enhanced in several ways. Seepage slopes with abundant water supply throughout the summer can create an oasis. Dark-coloured substrates, sheltered valleys, or snow-free south-facing slopes, locally warmer than the surrounding terrain, may create a thermal oasis. With an adequate supply of water these areas can be richer than adjacent light-coloured materials. Materials that contain an unusually high amount of nitrogen or phosphorus, such as areas adjacent to burrows, dens, or bird cliffs, show greatly enhanced vegetation growth.
Oases are the most intensively studied areas, but these cannot be taken as representative of the region, for the total area covered by most oases is less than 5 km', a micro-or mesoscale feature rather than a regional one. They usually represent the best plant productivity of a region under ideal conditions and may be of great local or seasonal importance to fauna. Regional bioclimatic studies provide a background to which the oases or enriched areas can-be compared and evaluated.
Floristics and Regional Climate Patterns
The regional presence of the most common shrubs, Salix arctica ( Fig. 17a) and Dryas integrifolia (Fig. 17c) , therefore suggests that critical minimum mean July temperatures of at least 3°C have been reached. Woody ericaceous species Cassiope tetragona, Vaccinium uliginosum, and Rhododendron lapponicum (Fig. 17b) show disjunct distributions in the High Arctic. In addition to their clear preferences for neutral to acid soils, Vaccinium species are found in the warmest areas of the intermontane region. Cassiope tetragona is found abundantly there as well and in warm valleys and lowlands of Melville, Bathurst, and Devon islands, often on south-facing slopes, on dark substrates, or where mean July temperatures are at least 5°C.
Salixpolaris (Fig. 17a) , found only in zone 4, shows a dual disjunct distribution in the Queen Elizabeth Islands. It occurs in the Fosheim Peninsula, Ellesmere Island (J. Inglis, pers. comm. 1976) , and on southwestern Melville Island (Edlund, herbarium accession no. 499653). Salix herbacea and S. reticulata (Fig. 17a) , as well as Empetrum nigrum (Fig.  17b) , are limited to the warmest areas of the northeastern Queen Elizabeth Islands (Porsild, 1964) .
Many herbaceous species and entire families reach their northern limits within the boundaries of the Queen Elizabeth Islands. In the western sector, Leguminosae (Fig. 17d) such as Oxytropis arctica, 0. arctobia, and Astragalus alpinus are abundant on neutral to weakly alkaline soils in zone 4 (Edlund, 1986a (Edlund, ,b, 1987b . In some places they are as abundant as in the mid-arctic regions of Victoria and Banks islands (Edlund, 1983b; Vincent and Edlund, 1978) . Leguminosae occur in no other area of the Queen Elizabeth Islands, although they are widely distributed south of Parry Channel (Porsild and Cody, 1980) . Although all Leguminosae on Melville Island flowered profusely in late June and early July 1984 and 1985, no viable seed or even signs of seed development could be detected in plants collected in mid-August. This indicates that these species are at the edge of physiological tolerance and may have become established at these sites prior to the current climate regime. Sections through nodulated roots of Astragalus alpinus and Oxytropis arctica from McCormick and Minto inlets suggest that they are several decades old (H. Shulmann, pers. comm. 1986 ).
Compositae, with the exception of the High Arctic endemic Taraxacum species, are also found only in the warmest regions (zones 3 and 4) and locally in thermal oases. Species such as Crepis nana (Herbarium accession numbers 496101,502460 and 502552), Petasites frigidus, and Senecio congestus (Fig. 17g) occur only on southeastern Prince Patrick Island and warm areas of western Melville Island (Kuc, 1970; Porsild and Cody, 1980; Edlund, 1986a) . Other Compositae show the dual disjunct distribution similar to that of Salix Polaris, occurring only in zone 4 on both Melville Island and in the intermontane area. These include Antennaria compacta (Herbarium accession numbers 499551,496733,500052, 500056, and 502650), Arnica alpina ssp. angustifolia (Herbarium accession numbers 495896, 496098, 499956, 499906,496758, and 502546) , Erigeron compositus, and E. eriocephalus (Fig. 17h) (Porsild and Cody, 1980; Edlund, 1986a) .
Several other species also show this dual disjunct distribution. Geum rossii (Fig. 17c) , an Amphi-beringian species found in Canada in the unglaciated regions of the Yukon and again in the Queen Elizabeth Islands in zone 4, occurs on both Melville Island and the intermontane area (Porsild and Cody, 1980; Edlund, 1986a) . In both widely separated areas it is restricted to moderately to imperfectly drained, weakly alkaline soils, usually tills and marine reworked deposits that have a variety of plant nutrients.
Erysimum pallasii, Epilobium latifolium, E. arcticum, Hippuris vulgaris, Androsace septentrionalis (Fig. 17e) (Porsild and Cody, 1980) . Ranunculus gmelini and Caltha palustris var. arctica (Cody et al., 1976; Porsild and Cody, 1980; Edlund, 1986a) Compositae (II) .  FIG. 17F . Ranunculaceae. while Ranunculus pedutifidus has the dual disjunct distribution.
The solitary and dual disjunct patterns of many of the species in the Queen Elizabeth Islands suggest that these species have strict materials and/or temperature requirements met only in the warmest zones. Species with somewhat more temperate requirements may show restricted ranges because of problems of migration into other habitable areas. Some species that probably would thrive in the intermontane zone of the northeastern Queen Elizabeth Islands, such as Leguminosae, and Compositae, would have to cross uninhabitable inter-island channels, vast expanses of highly alkaline soils, and inhospitable mountainous regions with extensive ice caps and would have to migrate against the prevailing winds. It is remarkable that so many species have successfully made such a migration.
The growth forms of several herbaceous species show marked changes within the Queen Elizabeth Islands. Forbs capable of producing tall flowering stalks (between 20 cm to more than 1 m), such as Petusites frigidus, Senecio congestus, Arnica alpina, and Epilobium latifolium, are also found in the warmest sectors of the Queen Elizabeth Islands. Even in zone 4, however, they usually are generally greatly reduced in height. A tall, erect growth form was only seen in a few specimens from sheltered and south-facing slopes. The number of flowers produced also is greatly reduced. In the southern Arctic Senecio congestus is a multi-flowered cyme, 80-100 cm high. On Melville Island, Senecio congestus, at its northwestern limit, was never observed to have more than one or two flowers and the stem was extremely dwarfed, never taller than 6 cm. Petasites frigidus, which reaches 50-80 cm height in the south, rarely tops 10 cm on Melville Island. Its flower numbers are reduced to only four or five. Epilobiurn latifolium, 30-40 cm high in the southern Arctic, is prostrate in zone 4 on Melville Island and rarely has more than a few flowers (Edlund, 1987a) . In some places in the intermontane zone it locally shows the more typical erect growth form.
CONCLUSIONS
Summer climate, particularly as reflected by regional mean July temperature distributions, greatly influences the distribution of vegetation in this region, where most vascular plant species are at or near their physiological limits of tolerance. This is seen in the decrease in taxa in the various zones, in the floristic distributions of individual species, in the changes in types of growth forms, and in the dominance of certain growth forms and species.
' Several major phytogeographic limits occur in this region, including the northern limits of prostrate and matted shrubs, heath species, and sedges and of the dominance of woody species and of sedges. The Queen Elizabeth Islands have been divided into five bioclimatic zones, and the summer climate parameters of each zone are described. The more favourable the climate, the greater the significance, diversity, and abundance of woody species, sedges, and other herbs.
The harshest bioclimatic zones (0 and 1) border on the limit of physiological tolerance. No vegetation occurs in zone 0, due to the extremely low summer temperatures and the extremely short melt season -a few days to a few weeks.
In zone 1, which is entirely herbaceous, vascular species are few and the most successful species are those capable of flowering early in the snow-free period.
Wood species and sedges appear in zone 2, but it, like zone 1, is dominated by herbaceous species. This may be considered a transition zone between the entirely herbaceous zone and the zones dominated by woody plants.
Woody species and sedges become dominant in zone 3, where mean July temperatures are at least 4°C. Diversity increases in this zone as well. This zone represents the "best" vegetation over much of the central and western Queen Elizabeth Islands. Zone 4, the warmest zone, has the greatest density and diversity of vascular plants. Here is found the northern limit of many species common farther south, including many that do not flower until late July or early August. Zone 4 regional distribution is discontinuous, mappable only on southern and western Melville Island and in the intermontane region. The intermontane zone that supports the richest vegetation coincides with the area of least regional precipitation, suggesting that precipitation is not a limiting factor to arctic vegetation on a regional scale.
Preliminary work suggests that climate also controls the stature of a few species, which become dwarfed or prostrate with increasing severity of climate. Several vascular plant species show promise as bioclimatic indicators, particularly woody plants, including Salix and Dryas and sedges, as well as numerous forbs, especially Leguminosae, Onagraceae, and Compositae. The vegetation-climate relationships outlined in this paper may prove useful for mapping mean summer climate in data-sparse regions. Figure   5 are more clearly printed below.
ERRATUM: Regional Congruence of Vegetation and Summer
FIG. S.
Vegetation zones of the Queen Elizabeth Island based on the growth forms of the dominant vascular plant species. The zones are summaries of patterns seen on 1:250000 scale vegetation maps (Edlund, 1982a (Edlund, ,b, 1983c .
